Objective. Primary cardiac involvement is presumed to account for a substantial part of disease-related mortality in systemic sclerosis (SSc). Still, there are knowledge gaps on the evolution and total burden of systolic dysfunction in SSc. Here we evaluated prospective left ventricular (LV) and right ventricular (RV) systolic function in an unselected SSc cohort and assessed the burden of systolic dysfunction on mortality.
INTRODUCTION
Systemic sclerosis (SSc) is a connective tissue disease hallmarked by autoimmunity, vasculopathy, and fibrosis of the skin and internal organs. Patients with SSc present high mortality, with cardiac and pulmonary affection as the most frequent causes of death (1) .
Cardiac affection in SSc is thought to originate from disease-related loss-of-function in smaller vessels. Presumably, vasospasms and luminal narrowing lead to hypoxia and reperfusion injury, promoting fibrosis (2) . Fibrosis is further suggested to result from subclinical myocarditis (3) . Recently, we showed diastolic dysfunction to be a frequent and deleterious complication of SSc (4) . The impact of systolic dysfunction in SSc is less clear. Two large, cross-sec- | 259 tional studies reported that left ventricular (LV) systolic dysfunction, defined by an LV ejection fraction (EF) of less than 45%, less than 50%, or less than 55% was present in not more than 5% of the SSc population (5, 6) . However, the majority of previous studies on systolic function were performed on smaller cohorts (7) (8) (9) (10) and few have been prospective, evaluating mortality as an outcome measure (11, 12) . Finally, as studies often excluded patients with known or suspected cardiac dysfunction (6, 7, 13 , results may have failed to describe the entire SSc disease spectrum.
Strain analysis by speckle tracking is a novel method that measures myocardial deformation to evaluate LV systolic function. Global longitudinal strain (GLS) is a more sensitive measure of LV systolic function compared with EF and has been shown to be superior in predicting prognosis (14) . Although considered complementary to EF in evaluation of systolic function, GLS has the advantage of higher reproducibility (15) . Previous smaller studies have implied that patients with SSc have lower GLS compared with controls (16, 17) and that continuous deterioration of GLS in patients with normal EF has been reported in a small-scale study with 2 years of follow-up (18) .
The right ventricle (RV) is vulnerable to increased afterload, a common feature of pulmonary affection in SSc. Reported frequencies of RV systolic dysfunction in SSc ranges from 4%-38%, depending on the applied method (19, 20) Patients, irrespective of pulmonary pressures, seem to present lower values of RV systolic parameters than controls (19) . Tricuspid annular plane systolic excursion (TAPSE) is a leading echocardiographic parameter of RV systolic function, and SSc patients have been shown to present lower values of TAPSE compared with healthy controls (21) . RV free wall longitudinal strain (RVFWLS) is a novel method of evaluating RV systolic function by speckle tracking. In a recent study on 138 patients, RVFWLS was reduced among SSc patients as opposed to controls (22) .
In this prospective echocardiographic study, we aimed to assess LV and RV systolic function by EF, GLS, TAPSE, and RVF-WLS and to evaluate the impact of systolic function on mortality.
MATERIALS AND METHODS
SSc study cohort. At the Oslo University Hospital (OUH), all SSc patients were enrolled in the prospective Oslo SSc cohort. Patients were followed annually, and data were recorded in the Norwegian Systemic Connective Tissue Disease and Vasculitis Registry (NOSVAR) (23) . Echocardiographies are performed annually in order to screen for pulmonary hypertension (PH).
The SSc patients included in the current study cohort had at least one protocol echocardiography examination performed between 2003 and 2016 that was available for evaluation. All the study cohort patients fulfilled the 1980 American College of Rheumatology criteria for SSc (24) and/or the 2013 European League Against Rheumatism/American College of Rheumatology criteria (25) . The SSc study cohort included both incident cases (diagnosed 2003-2016; n = 202) and prevalent cases (diagnosed before 2003; n = 75). This study complied with the Declaration of Helsinki. The research protocol (No. 2017/1815) was approved by The Regional Committee of Health and Medical Research Ethics in southeast Norway. Written informed consent was obtained from included subjects.
Clinical data. Data on demographics, date of diagnosis, clinical presentation (including SSc subtype, modified Rodnan skin score [mRSS], digital ulcers, pulmonary fibrosis, anticentromere and anti-topoisomerase antibodies), and N-terminal pro-brain natriuretic peptide (NT-proBNP) were collected from our SSc database and electronic patient journals. Data on ischemic heart disease, heart failure, and medication were collected from electronic patient journals and registered as ever present during the observation period. Based on extent of skin involvement, patients were classified into limited cutaneous SSc (lcSSc) or diffuse cutaneous SSc (dcSSc) (26) . Extent of pulmonary fibrosis was reported as the percentage of total lung tissue affected on high-resolution computed tomography (27) .
Based on clinical presentation, echocardiography, or the DETECT algorithm, patients suspected of PH were evaluated by right heart catheterization (28) . PH was defined as a mean pulmonary arterial pressure of 21 mmHg or greater and pulmonary vascular resistance 3.0 Wood units or greater according to recent definitions from the world symposium on PH (29) . PH with a pulmonary capillary wedge pressure of 15 mmHg or less was defined as precapillary PH (30) . Precapillary PH at baseline was defined as a diagnosis prior to, or at maximum 3 months after, baseline echocardiography.
Disease duration was defined as time from diagnosis to baseline echocardiography, whereas the observation period represented time from baseline echocardiography to date of death or study end (April 2017). Systemic hypertension was defined as the composite of i) presence of an International Classification of Diseases (ICD)-10 code for hypertension and ii) a systolic blood pressure of 140 mmHg or greater at the time of baseline echocardiography. Vital status was available for all patients at study end.
Control group. We matched 65 healthy controls from the Nord-Trøndelag Health Study (31), a population-based cohort study containing echocardiographies from 1266 randomly assigned individuals with a Norwegian background population without recognized systemic hypertension, cardiovascular disease, or diabetes mellitus. Controls for the present study were matched to SSc patients with respect to sex, age, body mass index, and systolic blood pressure at the time of baseline echocardiography. As more than 90% of Norwegians are of Northern European descent, race was not adjusted for.
Echocardiographic analyses. The earliest available echocardiography from each patient was considered the baseline examination, whereas the most recent was considered follow-up. Patients were examined in the left decubitus position. All echocardiographies were performed at Oslo University Hospital, Rikshospitalet, using GE Vivid 7 or Vivid E9 (GE Vingmed Ultrasound), and software analyses were performed using EchoPAC, v.201. All examinations were reanalyzed for the present study between September 2016 and July 2017 by the same investigator (A.H.T.), who was blinded to patient clinical status. In order to ensure adequate intra-and interobserver variability, 19 examinations were reanalyzed and 43 examinations were analyzed by a second observer (J.C.A.) as previously described (4) . Inter-and intraclass coefficients more than 0.75 were considered to reflect good reliability.
LV systolic function was evaluated by 1) EF using the Simpson biplane method, 2) fractional shortening (FS) of the LV from the parasternal long axis view, and 3) by GLS using automatic algorithms of EchoPAC to average values of 17 segments from Abbreviation: ACA, anti-centromere antibodies; ACE-I, angiotensin converting enzyme-inhibitor; ARB, angiotensin receptor blocker; ATA, anti-topoisomerase antibodies; BMI, body mass index; GLS, global longitudinal strain; lcSSc, limited cutaneous SSc; mRSS, modified Rodnan skin score; NT-proBNP, N-terminal pro-brain natriuretic peptide; PH, pulmonary hypertension; SSc, systemic sclerosis. a Assessed in all patients except otherwise stated (n =). Data are presented as means (SD), median (interquartile range), or number (percentage).
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apical long axis and four-and two-chamber views (32) . Low EF was defined as values less than 50%. To date, there exists no recommendation for GLS cutoff, and earlier studies have often utilized different cutoffs. We conservatively defined low GLS as greater than −17.0% in order to minimize the number of false positives (33, 34) . RV systolic function was assessed by TAPSE, fractional area change (FAC), and RVFWLS. Peak systolic RVFWLS was calculated as an average of three RV free wall segments. RV parameters, including RV dimensions, were evaluated in the RV-focused four-chamber view. Tricuspid regurgitant pressure (TrP) is the main determinant of systolic pulmonary arterial pressure and was measured as a parameter of RV hemodynamics. Low TAPSE was defined as values less than 17 mm (32) . As both TAPSE and GLS values are affected by the septal interventricular dependence, biventricular dysfunction was defined as simultaneous GLS greater than −17% and RVFWLS greater than −20% (32) . Diastolic function was assessed as previously described (4).
Statistical analyses. Statistical analyses were performed using STATA v.15 (StataCorp LLC) and SPSS v.25 (IBM). Paired and independent t tests and χ 2 tests were applied as appropriate for comparison of continuous and categorical data, respectively. Pearson and Spearman coefficients were applied for correlation analyses of continuous and ordinal variables, respectively. The associations between systolic dysfunction (GLS greater than −17% or TAPSE less than 17 mm) and clinical parameters were evaluated by logistic regressions with odds ratios (OR) and 95% confidence interval (CI). Univariable significant associations between variables and measures of systolic dysfunction were defined by a P value less than 0.05. Parameters significant at a univariable level were included in multivariable logistic regression models. Multivariable models were evaluated by area under the receiver operating characteristic curve (AUC), with values greater than 0.7 representing acceptable models. Cox regressions with hazard ratios (HR) with 95% CI were calculated for prediction of mortality. Clinical, serological, and baseline echocardiographic parameters of relevance, as evaluated by experts, were included in mortality analyses. Parameters presenting high correlation were not included in common models in order to avoid multicollinearity. Parameters presenting significance levels less than 0.2 at a univariable level, together with parameters of known clinical relevance, were included in multivariable Cox regression. We used manual backward stepwise elimination to identify independent predictors for mortality. Parameters presenting significance levels greater than 0.05 in the multivariable regression models were eliminated. C-statistics were applied to compare multivariable Cox models, with C-indexes greater than 0.7 representing acceptable models.
RESULTS

Demographics.
In total, 277 patients with SSc and baseline echocardiographies evaluable for systolic function were included in the study. Average age at baseline was 57 ± 13 years with median disease duration of 1.7 years (0.3-7.6 interquartile [IQR] range). Median time from first non-Raynaud symptom to echocardiography was 5.7 years (2.3-10.7 IQR range). The cohort consisted of 227 (82%) women and 194 (70%) lcSSc patients (Table 1) . Among included patients, baseline images eligible for evaluation of the LV systolic parameters EF and GLS were available in 258 (93%) and 194 (70%), whereas the RV parameter TAPSE was evaluable in 251 (91%). Inter-and intraclass correlation coefficients were 0.88 and 0.90 for GLS, respectively, whereas they were 0.79 and 0.94 for TAPSE, respectively. Two GLS measurements were excluded because of atrial fibrillation. Median observation period was 5.1 years (IQR 2.2-7.2). Data on clinical parameters, serological parameters, cardiovascular comorbidities and medication, stratified by systolic function, are shown in Table 1 . Reduced LV and RV function at baseline. To measure LV systolic function at baseline, EF, GLS, and FS were evaluated. SSc patients displayed lower EF and GLS at baseline when compared with controls ( Table 2 ). GLS and EF were strongly correlated in SSc patients (r = 0.66, P < 0.001). A reduced EF at baseline was observed in 30 of 258 patients (12%), of whom 21 (8%) displayed a midrange EF between 40%-49%, and 9 (3%) displayed an EF below 40%. All controls presented EF that was greater than 50% ( Figure 1) .
A low GLS (greater than −17.0%) was observed in 47 of 192 patients (24%) and 2 of 38 controls (5%) (Figure 1 ). Regarding FS, we observed a trend toward lower values in SSc patients (37% vs 39%, P = 0.112). Frequency of LV and RV systolic dysfunction was similar in the incident and prevalent SSc patients (data not shown).
In univariable and multivariable logistic regression, low GLS was associated with male sex, smoking, higher NT-proBNP, lower values of diffusing capacity for carbon monoxide (DLCO), and forced vital capacity (FVC). In the final multivariable logistic regression model, low GLS was independently associated with sex (OR 4.07, 95% CI 1.65-10.06, P value 0.002), NT-proBNP (OR 1.01, 95% CI 1.01-1.01, P value 0.039), and FVC (OR 0.98, 95% CI 0.96-0.99, P value 0.022) when adjusted for age (AUC = 0.74).
For evaluation of RV systolic function, TAPSE, FAC, and RVFWLS were measured, whereas RV basal diameter (RVBD) estimated RV dimension. Compared with controls, SSc patients displayed deviant TAPSE and RVBD ( Table 2) . Lower TAPSE was, as expected, observed in SSc patients with precapillary PH at baseline (n = 28, 20.0 vs 25.2 mm, P < 0.001), but also in patients without PH during the study period (n = 188, 23.6 vs 25.2 mm, P = 0.028. Patients did not differ signif-icantly from controls with respect to FAC. However, because of methodological limitations, FAC was mainly intended for validation of RV function.
At baseline, 24 of 251 (10%) SSc patients had RV dysfunction evaluated by TAPSE that was less than 17 mm. In contrast, all the controls had normal TAPSE (Figure 1 ). Eleven of the 24 patients with low baseline TAPSE already had established PH (seven precapillary and four postcapillary). In the 13 remaining patients with reduced baseline TAPSE, there was one case of new-onset PH (postcapillary) during the study observation period.
In univariable logistic regression, low TAPSE was associated with male sex, diastolic dysfunction, GLS, precapillary PH, pulmonary fibrosis, DLCO, and FVC. Adjusting for age and sex, PH, DLCO, FVC, pulmonary fibrosis, and GLS remained associated with low TAPSE. Male sex was associated with low TAPSE when adjusted for age ( Table 3 ). Because of a few events, further multivariable analyses were not performed.
Biventricular systolic dysfunction.
Patients who presented RV dysfunction defined by reduced TAPSE values less than 17 mm at baseline (n = 24) more often showed LV dysfunction, defined as reduced GLS values greater than −17%, than patients with normal TAPSE (n = 227) (57% vs 22%, P = 0.007). Although TAPSE is a leading marker of RV systolic function, both GLS and TAPSE depend on the longitudinal contraction of the interventricular septum. RVFWLS measures the contraction of the isolated RV free wall and is potentially less affected by septal contraction. RVFWLS was therefore utilized for biventricular evaluation together with GLS. Concurrent evaluation of GLS and RVFWLS at baseline was possible in 126 patients, and 12 (10%) of these met the preliminary definition of biventricular dysfunction (low RVFWLS and low GLS). These 12 patients were more often male, had higher mRSS, and presented higher mortality, but no difference in frequency of PH was observed ( Table 4 ). Because of low numbers, no regression analyses were performed. 
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Prospective LV and RV systolic function. A follow-up echo was available in 173 of the SSc study cohort patients (62%), 3.3 years (IQR 1.5-5.6) after baseline echocardiography. LV systolic parameters EF and GLS remained stable in patients with two consecutive measurements, whereas TAPSE deteriorated from 23.1 to 21.7 mm ( Table 5 and Figure 1 ). Patients with two consecutive GLS measurements had a longer observation period (5.8 vs 3.4 years, P < 0.001) and more frequent precapillary PH at baseline (20% vs 9%, P = 0.044), compared with patients with only baseline GLS measurement. There were no differences with respect to age, gender, body mass index, disease duration at baseline echocardiography, SSc subtype, pulmonary fibrosis, ischemic heart disease, diastolic dysfunction, or mortality.
Further analyses of the 143 patients with baseline and follow-up TAPSE measurements showed that patients with PH presented a significant decline of TAPSE (21.6-18.8 mm, P = 0.007, n = 36), whereas patients without PH presented only a trend of declining TAPSE (23.8-22.9 mm, P = 0.135, n = 100). We also found reduction of TAPSE in patients with dcSSc (n = 37; mean difference −3.0 mm, P = 0.005) and anti-topoisomerase I antibodies (n = 24; mean difference −3.9 mm, P = 0.005). Among the 18 patients who developed low TAPSE between baseline and follow-up, three had established precapillary PH at baseline and a further five had developed precapillary PH by the time of follow-up echocardiography. We did not observe any change in RVFWLS or FAC over time; however, few patients had consecutive measurements of RVFWLS and FAC (n = 42 and n = 56, respectively). During the observation period, 73 patients (26%) died. In multivariable Cox regression analyses, baseline LV dysfunction measured by GLS predicted mortality independently when adjusted for age and sex (HR 0.89, 95% CI 0.80-0-99, P = 0.027, C-index: 0.76), whereas baseline EF was not predictive (HR 0.98, 95% CI 0.95-1.00, P = 0.106). However, GLS lost its predictive ability when adjusted for RV systolic function evaluated by TAPSE (HR 0.96, 95% CI 0.85-1.08, P = 0.499). RV systolic dysfunction evaluated by TAPSE predicted mortality when adjusted for sex and age (HR 0.38, 95% CI 0.22-0-64, P < 0.001, C-index: 0.75) and was also included in the final multivariable Cox regression model adjusted for age, sex, diastolic dysfunction, NT-proBNP, mRSS, and DLCO, as shown previously in our study on diastolic dysfunction (4). One millimeter increase of TAPSE equaled a mortality risk reduction of 9%.
DISCUSSION
In this study we investigated multiple LV and RV systolic function parameters in a prospective unselected cohort of SSc patients and in healthy controls. Major findings were i) a higher than expected prevalence of LV, RV, and biventricular systolic dysfunction, ii) stable LV systolic function across the study observation, and iii) deterioration of RV systolic function during the disease course, with impact on mortality. To our knowledge, this is the largest echocardiography study evaluating prospective systolic function of both LV and RV in SSc.
Previous studies on cardiac SSc were often performed on small cohorts (7, 9, 10) and excluded patients with potential cardiac disease (6, 7, 13 . Such cohorts may underestimate the true burden of systolic dysfunction in SSc. Echocardiography studies on larger SSc cohorts have reported LV systolic dysfunction evaluated by EF to be uncommon (1%-5%) (5, 6) , although they lack GLS data. In our study, 12% had reduced systolic function measured by EF and 24% when measured by GLS. Many studies report comparable EF between SSc patients and healthy controls (7, 13, 16 , but in a recent report, EF was lower among SSc patients compared with controls (58.5 vs 62.9, P < 0.001) (22) . Furthermore, in an unselected SSc cohort, EF less than 45% was observed in 12 of 52 patients (23%) by magnetic resonance imaging (MRI). However, echocardiography did not reveal the same frequency of cardiac pathology as MRI (35) . Our study supports the notion that LV systolic function by EF is more deteriorated in SSc than earlier presumed.
The relatively few studies on GLS in SSc indicate reduced values of this LV strain parameter in patients with SSc (12,16. Our patients presented a mean GLS of −18.4%, compared with −20.3% among controls; additionally, 24% of patients had a GLS greater than −17.0% at baseline compared with 5% of the matched control population.
GLS has been reported to be an independent predictor of prognosis in several cardiovascular diseases (36,37), but reports from SSc cohorts are conflicting (7,12. In a large Danish cohort of heart failure patients, GLS was considered the superior echocardiographic predictor of mortality, even though it lost its significance in female patients (38) . In our study, LV systolic function measured by GLS predicted mortality at a univariable level, but lost significance when adjusted for RV systolic function. Previously, we have described LV diastolic dysfunction to be the most significant predictor of mortality. LV systolic parameters were not thematized because of a lack of mortality predictive abilities. In this article, we embellish these results, which are further supported by stable LV systolic function at follow-up echocardiography. This is in concordance with the work of Saito et al (12) where longitudinal strain failed to predict adverse outcome in SSc.
Little is known about LV systolic function during the course of SSc. GLS was reported to deteriorate in a small-scale prospective study on 22 patients with SSc (18) . Over a 3.3-year observation period, we did not find any deterioration of LV function. This was surprising, yet results were consistent for EF, GLS, and FS, which may support the notion that most organ manifestations develop early in the course of SSc (39) . One may further speculate whether this stabilization is due to the frequent administration of calcium channel blockers in SSc, which are shown to increase cardiovascular perfusion and function (40) .
Our RV systolic function data are in line with smaller previously conducted studies that show lower baseline values of TAPSE in SSc, irrespective of pulmonary vascular disease and TAPSE as an unfavorable prognostic factor (21, 41, 42) . TAPSE was elected the main parameter of RV systolic function as it is easily evaluable and presents high reproducibility. Although patients differ significantly from controls, mean TAPSE is still within normal values. This is not surprising as SSc-driven cardiac affliction is often subclinical (43) . As TAPSE further deteriorates along the disease course, one may speculate whether the RV is more susceptible to SSc-specific disease processes than the LV. However, in patients without PH, we could only show a trend of TAPSE deterioration (23.8-22.9 mm, P = 0.135). It was evident that TrP, reflecting pulmonary arterial pressure, increased at follow-up (Table 5 ). However, this increase was not significant in patients without PH. Our data suggest RV systolic function to be a valuable predictor of mortality; however, to what degree this is due to the contribution from PH is still unclear. We have previously shown TAPSE to independently predict mortality in a model including age, sex, LV diastolic dysfunction, mRSS, DLCO, and NT-proBNP (4) .
Because the heart acts as a functional unit, contraction of the ventricular septum will always contribute to LV and RV contraction. This makes it challenging to isolate LV function from RV function by echocardiography. Furthermore, as a failing LV leads to congestion of pulmonary vasculature, RV workload increases. Given these ventricular interdependences, it appears highly challenging to identify echocardiographic parameters suitable for evaluation of isolated RV systolic function. In this study, we applied RVFWLS as | 265 a proxy for RV systolic function. This parameter assesses deformation of the right ventricular free wall, and may therefore be more closely related to the RV contraction.
Our study has some limitations. First, this study is based on echocardiographic recordings from 2003 to 2016. As speckle tracking is a novel method, not all examinations had evaluable GLS, and only a subset of patients had two consecutive GLS examinations, slightly limiting the ability to describe how GLS changes over time.
Naturally, only patients with 2 or more echocardiographies were included in prospective analyses. Excluding patients with only one echocardiography may have introduced survival bias, reducing the generalizability of our findings on stable LV systolic function. Survival bias should most likely not affect our mortality prediction analyses, as these are based on baseline parameters.
Unfortunately, as too few controls presented adequate images for analyzation of TrP and RVFWLS, comparisons between patients and controls for these parameters were not performed.
The study possesses several significant strengths compared with earlier studies. This is, to our knowledge, the largest follow-up study on systolic function in SSc. All patient and control echocardiographies were evaluated by the same investigator, reducing bias from interobserver variability. Furthermore, as vital status was available for all patients at study end, conditions were ideal for analyzing predictor variables for mortality.
In conclusion, in our large and unselected SSc cohort, LV and RV systolic dysfunction presented frequently. Although RV systolic function deteriorated at follow-up, no alteration could be shown for the LV. Opposed to LV systolic function, RV systolic function was an independent predictor of mortality. However, it remains uncertain to what degree RV systolic function is independent from PH.
